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Early effects of uranyl nitrate on respiration and K transport in rabbit
proximal tubule. The mechanisms by which uranyl nitrate (UN) is toxic
to the proximal tubule are incompletely understood. To define these
further we studied potassium (K) transport and oxygen consumption
(Q02) in rabbit proximal tubule suspensions in vitro immediately after
exposure to UN using extracellular 02- and K-sensitive electrodes.
UN caused a cumulative dose-dependent inhibition of proximal tubule
Q02, with a threshold concentration of 5 x l0 M. Kinetic analysis
suggested two patterns of cell injury: a higher affinity inhibition of Q02
with a K, of 5 x i0 M, and a lower affinity inhibition of Q02 with a K
of 10 mas. Q02 was studied in detail in the presence of these K1
concentrations of UN to define the initial cellular events. The results
indicated that different cellular processes displayed different sensitivi-
ties to UN. At submillimolar concentrations UN caused progressive
selective inhibition of ouabain-insensitive Q02 (15% inhibition at 2
minutes). Ouabain-sensitive Q02 and nystatin-stimulated Q02 were not
affected, suggesting that Na,K-ATPase activity and its coupling to
mitochondrial ATP synthesis were intact. Direct measurement of
proximal tubule net K flux confirmed that Na,K-ATPase activity
was unchanged. Similarly, UN did not inhibit basal (state 4) or
ADP-stimulated (state 3) mitochondriál Q02 in digitonin-permeabilized
tubules, confirming that the mitochondria were intact. In contrast,
higher concentrations of UN ( 1 mM) caused rapid inhibition of Q02
and net K effiux, due to inhibition of Na ,K-ATPase activity and
mitochondrial injury. None of these effects was attenuated by the
sulfliydryl-reducing agents dithiothreitol or reduced glutathione, distin-
guishing UN from other nephrotoxic heavy metals such as HgCl2 and
AgNO3.
The nephrotoxicity of uranyl nitrate (UN) in laboratory
animals is well established. As with many nephrotoxins, UN-
mediated pathologic damage is most evident in the straight
portion of the proximal tubule [1,2]. Cortical tubules exhibit
brush border loss and increased vacuolization within two hours
of UN administration in vivo [2], and allow backleak of filtered
solute [3—5]. However, the early direct effects of UN on
proximal tubule cell function are incompletely understood.
Several lines of evidence suggest that UN inhibits proximal
tubule solute transport and ATP utilization, and that these
effects are important in the pathogenesis of UN-induced renal
failure. UN causes an increase in the fractional excretion of
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Na within hours of administration [5—7]. This effect precedes
any change in glomerular filtration rate (GFR) (7]. Pretreatment
with an angiotensin I converting enzyme inhibitor attenuates
the later effects of UN on renal and glomerular hemodynamics
without preventing proximal tubule injury [8]. Aspartate trans-
port across the peritubular cell membrane of the proximal
tubule is reduced in vivo in UN-treated rabbits [9]. Similarly,
Nat-dependent D-glucose uptake is reduced in renal brush
border membrane vesicles isolated from rats with UN-induced
acute renal failure [10]. In addition, UN is known to alter cation
transport in a variety of non-renal epithelia in vitro, including
frog skin and toad urinary bladder [11, 12]. Although the
mechanism(s) whereby UN alters solute transport in renal
epithelia have not been defined, UN was shown to inhibit
ATPase activity in tissue homogenates and microsomal mem-
brane fractions prepared from human and animal kidneys [10,
13].
Since in vivo studies can be complicated by indirect mecha-
nisms of injury, such as changes in hemodynamics and the
release of inflammatory mediators and hormones, we used
suspensions of rabbit proximal tubules in vitro to identify the
direct actions of UN. Given previous observations that UN
alters active ion transport and other ATP consuming processes,
we studied the effects of UN on respiration (Q02) and net K
transport. Q02 provides a sensitive index of ATP utilization in
intact cells, provided that there is invariant stoichiometry of
oxidative phosphorylation (that is, ATP/02), because the prox-
imal tubule relies almost exclusively on oxidative metabolism
for ATP production [14—16]. Similarly, continuous measure-
ment of extracellular K concentration with a K-sensitive
electrode provides a functional index of cell membrane K
permeability and Na ,K-ATPase activity [171. The results
indicated that UN inhibits proximal tubule Q02 and net K
transport in a complex time- and concentration-dependent
manner. Different cellular processes displayed different sensi-
tivities to the actions of UN. The earliest cytotoxic event at
submillimolar concentrations of UN was a progressive and
selective inhibition of ouabain-insensitive Q02. Higher concen-
trations (l mM) were required for inhibition of Na,K-
ATPase activity and mitochondrial injury. These events ap-
peared to be independent of sulfhydryl-group reactivity, thus
distinguishing UN from other nephrotoxic heavy metals such as
HgCI2 and AgNO3.
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Methods
Preparation of cortical tubule suspensions
Cortical tubule suspensions were prepared from female New
Zealand White rabbits by in situ collagenase perfusion, as
described previously [18, 19]. Following anesthesia and sys-
temic anticoagulation, the aorta was cannulated and both kid-
neys were perfused with a slightly hypertonic, bicarbonate
Ringer's solution containing 50 mg/dl collagenase (Type V,
collagenase activity 1000 U/mg, Sigma Chemical Co., St. Louis,
Missouri, USA). Following perfusion, the cortex was excised,
minced, and dispersed in ice-cold isosmotic Ringer's solution.
The tubules were washed three times by centrifugation in 10
volumes of buffer to remove most glomeruli, non-vital cells, and
cellular debris. The final pellet was suspended at a concentra-
tion of 3 to 5 mg tubular protein per ml in a modified Ringer's
solution of the following composition (in mM): sodium chloride
(115), sodium bicarbonate (25), potassium chloride (5), magne-
sium sulfate (1), monosodium phosphate (0.4), disodium phos-
phate (1.6), calcium chloride (1.2), sodium lactate (4), D-
glucose (5), L-alanine (1), sodium butyrate (1), and 0.6% (wt/
vol) dialyzed dextran (T40, Pharmacia Diagnostics, Piscataway,
New Jersey, USA). Prior to ion transport or Q02 measure-
ments, 2.5 ml aliquots of tubule suspension were placed in
capped polycarbonate flasks under 95% 02/5% CO2 and incu-
bated for 30 minutes at 37°C to allow intracellular contents of
ions and ATP to be restored to normal levels. This technique
yields a suspension comprised of over 90% proximal tubule
segments with open lumina, enriched primarily in S3 segments,
which is well suited for measurement of ion transport and Q02
[17—22].
02 consumption rates in intact tubules
Oxygen consumption rates (Q02) were measured polaro-
graphically, in a closed magnetically stirred thermoregulated
1.8 ml chamber (Gilson, Middleton, Wisconsin, USA) using a
Clark electrode (Yellow Springs Instrument Co., Yellow
Springs, Ohio, USA). The response time of the electrode,
measured by the addition of sodium hydrosulfite to previously
oxygenated buffer solution, was 1 to 2 seconds. Extracellular
fluid oxygen tension was recorded as a function of time, the
slope indicating the QO2, Basal Q02 was measured for 15 to 30
seconds prior to addition of UN. Ouabain was used to differ-
entiate changes in Na transport-dependent and -independent
Q02. The polyene antibiotic nystatin (>240 U/mg protein) was
used to assess maximal rates of Na,K-ATPase-mediated
QO2 [23]. Mitochondrial respiratory capacity in intact tubules
was assessed by addition of carbonyl cyanide m-chlorophenyl-
hydrazone (CCCP) (106 M), an uncoupler of oxidative phos-
phorylation [24].
ADP-stimulated mitochondrial Q02 in digitonin-permeabilized
tubules
ADP-stimulated mitochondrial respiratory capacity was mea-
sured directly in digitonin-permeabilized proximal tubule seg-
ments, by a modification of the method described by Harris et
al [23]. Cortical tubule suspensions were prepared by in situ
collagenase perfusion and kept on ice after resuspension of the
final pellet. Prior to measurement of Q02, 2.5 ml aliquots of
tubule suspension were washed twice by centrifugation for two
minutes at 50 x g in a mitochondrial medium containing (in
mM): potassium chloride (120), potassium monophosphate (5),
potassium glutamate (5), potassium malate (5), sodium butyrate
(1), HEPES (10), EGTA (2), titrated to pH 7.4 with potassium
hydroxide, and gassed with 100% 02. The final tubule suspen-
sion was placed in a 1.8 ml sealed thermoregulated glass
chamber for polarographic measurement of Q02, as described
above. Basal ADP-independent (state 4) QO2 was measured
after selective permeabilization of the cell membrane with
digitonin (0.15 mg/mg protein) and in the presence of iO M
ouabain. ADP-stimulated Q02 (state 3) was measured as the
maximal Q02 following the addition of 0.38 mri ADP. ADP-
stimulated mitochondrial Q02 measured in this fashion has
been shown to be equivalent to ADP-stimulated state 3 respi-
ratory capacity in isolated mitochondria [23]. The respiratory
control ratio (state 3 Q02/state 4 Q02) in this preparation was
4.7 0.2 (N = ii).
Net K fluxes
Net K fluxes were measured with an extracellular solid-
state K electrode (WPI Model POT- 1, World Precision Instru-
ments, New Haven, Connecticut, USA) in combination with an
ultrawick glass reference electrode (MERE-i, WPI) filled with 1
M n-methyl-d-glucamine chloride [18]. The electrode had a K:
Na selectivity of iO:i, and a response time of Ito 2 seconds.
The slope of the K electrode was determined on each exper-
imental day, and ranged from 54 to 59 mV/decade K concen-
tration. The response was "linear" between K concentrations
of l0— M and 102 M. The electrodes were sealed into a 2 ml
thermoregulated glass chamber and connected to a high imped-
ance electrometer (Model VF-2, WPI). The voltage difference
was then fed into a lowpass Bessel filter (Model 9O2LPF,
Frequency Devices Inc., Haverhill, Massachusetts, USA) with
a cutoff frequency of 1 Hz, amplified (10 x), and converted to a
digital signal at 2 Hz with a 12-bit A-D converter (Model
#DT28O1, Data Translation, Marlboro, Massachusetts, USA).
A computer program converted the voltage to K concentra-
tion, and net K fluxes were measured during the initial linear
phase of the digital tracing following experimental additions.
Chemicals
All chemicals were of analytical grade and obtained from
standard commercial sources. Uranyl nitrate was obtained from
ICN Pharmaceuticals. A stock solution of UN was prepared
daily in distilled water. Nystatin, and digitonin were prepared
daily in dimethylsulfoxide. CCCP was prepared in ethyl alco-
hol. Experimental additions represented an increase in suspen-
sion volume of less than 0.2%. With the exception of occasional
electrode offsets (see text), control experiments using solvents
alone revealed no effects on electrode performance or cell
function.
Data analysis
QO2 and K fluxes were normalized to tubular protein
determined by the method of Lowry et al [25] on perchloric acid
(6% PCA/1 mrvi EDTA) precipitates dissolved in a 5% deoxy-
cholate/0. I N sodium hydroxide solution, using bovine serum
albumin as a standard. Data are expressed as mean standard
error and were analyzed for statistical significance using Stu-
dents t-test for paired or unpaired data, as appropriate. A value
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were calculated by least squares regression analysis.
Results
Q02 in intact tubules
Proximal tubule Q02 was studied in detail one minute after
the addition of UN to characterize the early cellular events.
Under steady-state conditions, UN inhibited Q02 in a concen-
tration-dependent manner (Fig. 1), with a threshold concentra-
tion of 5 x l0— M. Eadie-Hofstee transformation of these data
(Fig. 1, inset) suggested different patterns of cell injury depend-
ing on the concentration of UN: a higher affinity inhibition of
Q02 with a K of 5 x l0— M and a Vmax of 15%, and a lower
affinity inhibition of Q02 with a K of 10 m and a Vmax Of 99%.
More detailed experiments were performed at each K1 concen-
tration to characterize these processes. As will be shown, the
higher affinity process represented selective inhibition of Na
transport-independent Q02, whereas the lower affinity process
was dominated by inhibition of Na,K-ATPase activity and
mitochondrial injury.
Higher affinity inhibition of Q02 (K1 5 X iü M). At
submillimolar concentrations, UN caused progressive inhibi-
tion of Q02, which was delayed in onset, beginning 20 to 60
seconds after drug addition (Fig. 2). Q02 was unchanged in the
first 30 seconds after the addition of 5 x l0 M UN, but was
significantly reduced at 60 seconds and continued to decrease
until inhibited by 25% at five minutes.
Ouabain, the glycoside inhibitor of Na,K-ATPase activity,
was used to determine if this effect was due to inhibition of Na1
transport-dependent or -independent ATP utilization. Ouabain-
sensitive and -insensitive QO were studied between 60 and 120
seconds after the addition of UN. Table 1 shows that 5 x l0—
M UN inhibited basal Q02 from 30.8 to 28.2 nmol 02/minlmg,
and that this was due to a selective 15% inhibition of ouabain-
Fig. 1. Dose-response curve of uranyl nitrate
inhibition of proximal tubule respiration.
Oxygen consumption rates were measured I
minute after the addition of UN. Each data
• point represents mean SEM, for 4 to 10
1 experiments. Inset represents an Eadie-Hofstee transformation of these data
suggesting two cellular processes.
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Fig. 2. Higheraffinity inhibition of Q02: Time-dependent effect of 5 x
iO M uranyl nitrate on proximal tubule respiration, illustrating the
progressive nature of renal injury. Each point represents mean SEM
of 3 or more experiments. Symbols are: (A) vehicle; (•) uranyl nitrate.
Error bars are contained within the symbols where not visible.
insensitive Q02 from 15.5 to 13.2 nmol 02/min/mg. In agree-
ment with these data, UN caused cumulative inhibition of Q02
when added to tubules which had been pretreated with l0- M
ouabain for 30 seconds (17 2% inhibition after 2 minutes, N =
3; Fig. 3).
Ouabain-sensitive QO2 was unchanged at this early time
point, suggesting that basal rate of Na,K-ATPase-mediated
ATP utilization was not affected (Table 1). Nystatin-stimulated
Q02 was measured to evaluate Na,KtATPase activity fur-
ther under conditions of maximal stimulation. Nystatin facili-
tates Na entry into the cell and stimulates Na,K-ATPase
activity. The increased generation of ADP from pump-mediated
ATP hydrolysis causes stimulation of mitochondrial ATP syn-
thesis and oxygen consumption, the latter providing an index of
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Experimental
condition Basal rate
Ouabain-
insensitive
Ouabain-
sensitive
Control 30.8 0.4 15.5 0.7 15.2 0.5
5 x iO M UN 28.2 0.2 13.2 0.3 15.0 0.3
P value <0.01 <0.01 NS
40
0 60 120 180 240 300
Time after addition, seconds
Fig. 3. Higher affinity inhibition of Q02: Time-dependent effect of 5 x
IO M uranyl nitrate on ouabain-insensitive Q02. Tubules were
incubated with l0 M ouabain for 30 seconds prior to the addition of
uranyl nitrate. Each point represents mean SEM of 3 or more
experiments. Symbols are: (A) vehicle; (•) uranyl nitrate. Error bars
are contained within the symbols where not visible.
maximal Na,K-ATPase activity [23]. Table 2 shows basal
and nystatin-stimulated Q02 in the absence (control) or pres-
ence of 5 x l0— M UN. Although UN caused a 9% fall in basal
Q02, nystatin-stimulated Q02 was the same in both cases,
indicating that the Na ,K-ATPase was not affected.
CCCP-uncouplecl Q02 was measured as an index of mito-
chondrial function, since mitochondrial injury may result in a
fall in ouabain-insensitive ATPase activity by limiting the
availability of ATP. CCCP, a protonophore, causes dissipation
of H gradients across the inner membrane of mitochondria and
maximally stimulates mitochondrial Q02 by uncoupling oxida-
tive phosphorylation from oxygen consumption [24]. Although
the absolute CCCP-uncoupled Q02 was reduced by 9% in UN
treated tubules, CCCP nevertheless stimulated Q02 by 180%
from 28.3 0.2 to 78.6 2 nmol 02/min/mg in the presence of
UN, indicating considerable mitochondrial reserve.
Taken together, these data demonstrate that the earliest
cytotoxic event at submillimolar concentrations of UN was
selective inhibition of Na transport-independent ATP utiliza-
tion, with sparing of Na ,K-ATPase activity and mitochon-
drial oxidative phosphorylation.
Lower affinity inhibition of Q02 (K1 = 10 mM). Higher
concentrations of UN ( 1 mM) caused rapid inhibition of Q02,
beginning within five seconds. This process was also cumula-
tive (% inhibition: 1 mm 46 6%, 2 mm 65 3%). Q02 was
Experimental
condition Basal rate
Nystatin
stimulated
CCCP
uncoupled
Control 30.8 0.4 45.1 2.0 86.6 2
5 x l0 M UN 28.3 0.2 46.4 1.4 78.6 2
P value <0.01 NS <0.01
0
Basal Ouabain Ouabain
rate sensitive insensitive
Fig. 4. Lower affinity inhibition of Q02: Effect of 10mM uranyl nitrate() on ouabain-sensitive and -insensitive Q02. Symbol (D) is control.
Ouabain was used at concentrations of l0— si. Oxygen consumption
rates were measured one minute after UN addition. Each bar represents
mean SCM, N = 8, * P < 0.001, ** P <0.0001.
studied in detail one minute after the addition of a K concen-
tration of UN (10 mM) to characterize this effect. As shown in
Figure 4, UN inhibited basal Q02 by 46% from 30.0 0.6 to
16.3 1.8 nmol O2Imin/mg. While ouabain-insensitive Q02 was
inhibited by 20% (16.6 to 13.3 nmol 02/min/mg), the most
striking finding at this higher concentration was a marked 79%
inhibition of ouabain-sensitive Q02 (14.3 to 3.0 nmol 02/minl
mg).
Ouabain-sensitive Q02 can be inhibited because of 1) reduced
sodium entry into the cell, 2) mitochondrial injury, or 3) direct
inhibition of Na ,K-ATPase activity [20—221. Nystatin-stimu-
lated and CCCP-uncoupled Q02 were used to distinguish
among these possibilities; the results are shown in Figure 5. In
control experiments nystatin stimulated basal Q02 by 96% from
30.0 0.6 to 58.8 3.4 nmol 02/min/mg. In the presence of 10
mM UN, however, nystatin caused little stimulation of Q02
(16.3 1.8 to 17.3 1.8 nmol 02/minlmg). These observations
underscore the dramatic inhibition of Na ,K-ATPase activity
by UN and exclude inhibition of Na entry as the major
underlying cause.
CCCP-uncoupled Q02 was measured to determine the rela-
tive contribution of mitochondrial injury to this process. CCCP-
uncoupled Q02 was significantly reduced in the presence of 10
mM UN, indicating mitochondrial injury. As shown in Figure 5,
the addition of CCCP to control tubules caused a 210% increase
Table 1. High affinity inhibition of Q02: Selective inhibition of Na
transport-independent oxygen consumption by 5 x l0— M uranyl
nitrate
Table 2. Higher affinity inhibition of Q02: Nystatin-stimulated and
CCCP-uncoupled QO2 in tubule suspensions in the presence of 5 x
l0- M uranyl nitrate
Rates of Q02 were measured 60 to 120 seconds after the addition of
UN and are expressed as nmol 02/minlmg protein, Values are ex-
pressed as mean SEM. All values represent 8 or more experiments.
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Rates of QO2 were measured in intact cells 60 to 120 seconds after the
addition of UN, and are expressed as nmol 02/min/mg protein. All
values are mean SEM for 8 experiments. NS = not significant.
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Fig. 5. Lower affinity inhibition of Q02: Nystatin-stimulated and
CCCP-uncoupled Q02 in the presence of 10 mrs UN (a). Symbol (Lfl
is control. Oxygen consumption rates were measured 1 minute after the
addition of UN. Each bar represents mean SEM, N = 8, * P< 0.001.
in Q02 from a basal rate of 30.0 0.6 to 93.0 2.0 nmol 02/
mm/mg (N = 8). By comparison, the maximum CCCP-uncou-
pled rate in UN treated tubules was only 44.5 6.7 nmol 02/
mm/mg.
Thus, while inhibition of ouabain-insensitive Q02 was
present at millimolar concentrations of UN, the dominant
cellular events were inhibition of Na,K-ATPase activity and
mitochondrial oxidative phosphorylation.
Mitochondrial Q02 in digitonin-permeabilized tubules
ADP-stimulated mitochondrial Q02 was measured in digito-
nin-permeabilized tubules to define the degree of mitochondrial
injury in more detail. This parameter provides a more direct and
complete index of mitochondrial respiratory capacity than the
CCCP-uncoupled Q02, since respiration remains coupled to
oxidative phosphorylation. ADP-independent and ADP-stimu-
lated Q02 were studied one minute after the addition of UN, to
parallel the measurements of Q02 in intact cells described
above. Submillimolar concentrations of UN (5 x l0— M) had
no effect on basal ADP-independent (state 4) Q02. The subse-
quent addition of ADP caused appropriate stimulation of Q02
(ADP-stimulated state 3 Q02 in nmol 02/min/mg protein; con-
trol 92.0 6.0; 5 x l0— M UN 96.9 3.9, N =3). Accordingly,
the mitochondrial respiratory control ratio was not affected.
Additional experiments revealed preservation of ADP-indepen-
dent and ADP-stimulated Q02 after five minutes of exposure to
UN (data not shown). Thus, mitochondrial function was pre-
served, at a time when spontaneous Q02 in intact cells was
inhibited by 25% (Fig. 2). These observations confirmed that
the early higher affinity inhibition of ouabain-insensitive Q02
was due to inhibition of cellular ATPase activity rather than
mitochondrial injury.
In contrast, higher concentrations of UN ( 1 mM) caused a
significant reduction in mitochondrial respiratory capacity. Fig-
ure 6 shows the effects of 10 mrvt UN on ADP-independent and
ADP-stimulated Q02 in digitonin-permeabilized tubules. Basal
ADP-independent Q02 was not changed between one and two
minutes after the addition of UN. In contrast, ADP-stimulated
Q02 was inhibited by 34% from a control value of 88.0 4.0 to
58.0 3.4 nmol 02/min/mg. As a result the mitochondrial
Fig. 6. Effect of uranyl nitrate on mitochondrial Q02 in digitonin-
permeabilized tubules. Basal ADP-independent (state 4) QO2 was not
affected by the addition of 10 mri UN () or vehicle (s). ADP-
stimulated QO2 was significantly reduced in the presence of 10 mrt UN
(vehicle 88.0 4.0, 10 mti UN 58.0 3.4 nmol O2/minlmg). As a result
the mitochondrial respiratory control ratio (state 3 Q02 /state 4 QO)
was significantly reduced (control 4.73 0.2, 10 msi UN 3.3 0.2, P
<0.001). Oxygen consumption rates were measured 1 minute after the
addition of UN. Each bar represents mean SEM, N = 8, * P < 0.001.
respiratory control ratio was reduced (control 4.7 0.2; 10 mM
UN 3.3 0.2, N = 8). Even greater inhibition of mitochondrial
function was observed five minutes after the addition of UN (%
inhibition: ADP-independent Q02 58 17; ADP-stimulated 71
20, N = 3), indicating that this process was cumulative.
These data confirm that millimolar concentrations of UN cause
progressive mitochondrial injury and are in agreement with the
measurements of CCCP-uncoupled Q02 described above.
NetKflux
Net K flux was measured to verify the effects of UN on
ouabain-sensitive Q02. Under steady state conditions, active
transport of K into cells is balanced by passive K movement
down its concentration gradient into the extracellular space.
Continuous measurement of net K flux provides a sensitive
index of Na,K-ATPase activity in intact cells, since
Na,K-ATPase inhibition results in a net K efflux [17, 18].
Parallel measurements of Q02 allowed comparison of the time
course and magnitude of the effects of UN on respiration and
K transport. Following addition of 5 x l0— M UN, net K
flux was unchanged for five minutes, although Q02 was signif-
icantly inhibited (Table 1). Furthermore, in the presence of 5 x
l0— M UN, ouabain elicited a net K efflux of 169 5 nmol/
mm/mg (N = 3) which was no different from the ouabain-
induced efflux of 166 8 nmol/min/mg (N = 3) observed under
control conditions. Since steady state and ouabain-induced net
K flux were unaltered, one can conclude that low doses of UN
did not affect Na,K-ATPase activity or K permeability.
In contrast, as shown in Figure 7, 10 mit UN caused
significant net K efflux coincident with the inhibition of
respiration. In the lower tracing of extracellular [K] versus
time, there was no net K flux in the first 45 seconds, indicating
that K transport was in a steady state. The addition of 10 m
UN caused an initial downward offset, followed by a rapid K
efflux (112 11 nmol K/min/mg, N = 9). This net K efflux
began less than five seconds after UN addition and was coin-
cident with inhibition of ouabain-sensitive Q02 observed in the
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Fig. 7. Parallel experiments demonstrating
the effects of 10 mM UN on proximal tubule
Q02 and net K transport measured by
extracellular 02 and K sensitive electrodes.
The top panel shows the dramatic inhibition
of Q02 after the addition of 10 mat UN, due
principally to inhibition of Na transport-
dependent ATP utilization. The dashed line
represents the expected rate of Q02 in
control tubules. The lower panel shows net
K efflux following the addition of 10 mat
UN. The initial downward deflection is an
electrode offset which could be reproduced
by adding UN to buffer. This tracing is
representative of 11 experiments (K efflux
112 11 nmol/minlmg protein). At the end
of the experiment digitonin was added to
release residual intracellular K.
upper tracing. After 2.5 minutes, extracellular K plateaued
indicating that net K transport had attained a new steady
state. Digitonin, added at the end of the K electrode experi-
ment (Fig. 7), caused an additional release of intracellular K,
indicating that a significant K gradient across the plasma
membrane persisted in the presence of 10mM UN. Based on the
digitonin-releasable K content, UN caused a decrease in
cellular K content of 44 5% (N = 3).
To substantiate that 10 mM UN was inhibiting Na,K-
ATPase activity, the additivity of UN and ouabain was exam-
ined. The addition of UN caused a net K efflux, as described
above, which was not augmented by the subsequent addition.of
M ouabain. In other experiments (N = 3) not shown, 10
mM UN was added after ouabain and again no change in the net
K flux rate was observed. These data provide further evidence
that the net K efflux induced by 10 mM UN was due to
inhibition of Na ,K-ATPase activity.
Effect of thiol reagents
Sulfhydryl-group reactivity has been shown to be an impor-
tant factor in the actions of other nephrotoxic heavy metals,
such as HgCl7 [26] and AgNO3 [18]. Furthermore, SH-group
reactivity has been shown to be an important determinant of
UN's effects on transport functions in non-renal epithelia [11].
To determine the role of sulfhydryl reactivity in UN toxicity to
the proximal tubule, net K flux and Q02 were measured in the
presence of the thiol reagents reduced glutathione (GSH; 1 mM;
N = 3) or dithiothreitol (DTT; 1 mM; N = 3). GSH or DTT did
not prevent or attenuate UN inhibition of Q02, and did not
reverse established Q02 inhibition. Similarly, UN-induced K
efflux was not affected by either agent.
Discussion
This investigation identified the early direct effects of UN on
Q02 and K transport in intact proximal tubule cells. UN
inhibited Q02 in a complex concentration-dependent manner.
Analysis of the initial changes in Q02 and K transport showed
that different subcellular events displayed different sensitivities
to UN. At submillimolar concentrations of UN, the earliest
cellular event was selective inhibition of ouabain-insensitive
Q02 (threshold concentration 5 x l0 M, K 5 X l0— M, Fig.
1). This response occurred at a time when ouabain-sensitive
Q02 and nystatin-stimulated Q02 were normal (Tables 1, 2),
indicating that Na,K-ATPase activity and its coupling to
mitochondrial oxidative phosphorylation were unchanged. In
addition, ouabain-sensitive net K transport and ADP-stimu-
lated state 3 mitochondrial Q07 were unaffected, confirming the
integrity of the Na ,K -ATPase and mitochondria, respec-
tively. Finally, low concentrations of UN had no effect on
cytosolic K content. Taken together, these data indicate that
5 x l0— M UN caused inhibition of Na transport-independent
ADP utilization only, without affecting Na ,KtATPase activ-
ity, mitochondrial function or cell membrane integrity.
While we are unaware of any other study investigating
ouabain-insensitive ATPase activity in intact renal cells treated
with UN, previous in vitro studies using tissue homogenates
and microsomal fractions substantiate these observations. Ura-
nyl nitrate has been shown to inhibit total and Mg2-dependent
ATPase activity in several organs, including renal cortex [10,
13]. In renal tissue homogenates UN inhibited ouabain-insensi-
tive (Mg2-dependent) ATPase activity in a concentration-
dependent fashion [13]. The K1 for this process was between
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i0 M and 5 x i04 M UN [13], and agrees with the Ki of 5 x
i0 M observed in the present study for inhibition of ouabain-
insensitive Q02 in intact cells. Further evaluation of the mech-
anism of action of UN under these circumstances suggested
that UN inhibited Mg2-dependent ATPase activity by compet-
ing with ATP at the adenine nucleotide binding site [13]. The
cellular processes responsible for ouabain-insensitive Q02 or
Mg2 tdependent ATPase activity have not been clearly defined
in the proximal tubule, but are thought to include other active
transport processes (such as H-ATPase), synthetic functions
such as gluconeogenesis and triglyceride synthesis, substrate
interconversions and biochemical transformations, phosphory-
lation reactions using ATP, maintenance of the cell cytoskele-
ton, and cell repair [15, 16].
Interestingly, a different pattern of cell injury was observed at
higher doses of UN. Millimolar concentrations caused a dra-
matic inhibition of QO, which was virtually immediate in onset.
This response was dominated by inhibition of ouabain-sensitive
and nystatin-stimulated QO,, indicating a fall in Na,K-
ATPase activity (Fig. 2). In agreement with this interpretation,
a net K efflux was observed, coincident with the slowing of
Q02 (Fig. 7), which could not be accelerated by the subsequent
addition of ouabain. We are not aware of any previous studies
examining the direct effects of UN on proximal tubule cation
transport in vitro. Abnormalities in proximal tubule cation
transport appear early in UN-induced acute renal failure in vivo
[5—71. Fractional excretion of sodium is increased within hours
of UN injection in laboratory animals and precedes other
functional or morphologic evidence of proximal tubule damage
[5—7]. These observations are consistent with, but clearly not
specific for Na,K-ATPase inhibition. However, UN has
been shown to inhibit Na,K-ATPase activity in renal tissue
homogenates from a variety of species [10, 13]. In agreement
with our data, the K1 for Na ,KtATPase inhibition was
significantly greater than that observed for inhibition of Mg2-
dependent ATPase activity [13]. Thus, the sensitivity of this
enzyme to UN appears to be lower than that of other ATP
consuming processes in the cell. In addition, the mechanism of
ATPase inhibition appears to be different. Although UN ap-
pears to interact with the ATP site of the Na,K-ATPase, the
affinity of the enzyme for UN has been shown to be greatly
reduced in the presence of increasing concentrations of Na,
suggesting that UN was also acting at a Na site [13].
Our data suggest that mitochondnal injury did not contribute
to the early inhibition of basal QO, caused by low doses of UN
(Fig. 6). Submillimolar concentrations of UN had no effect on
ADP-independent or ADP-stimulated mitochondrial QO2 even
after five minutes. Higher concentrations of UN (l mM)
caused significant inhibition of ADP-coupled and uncoupled
respiration, indicating mitochondrial injury. The reduction in
mitochondrial respiratory capacity was relatively small within
the first two minutes after the addition of UN compared to the
almost complete loss of Na,K-ATPase activity (Figs. 4, 5).
Indeed, the mitochondrial respiratory capacity was always
maintained above the level needed to support normal basal cell
respiration at these early time points (Figs. 5, 6). These results
suggest that Na ,K-ATPase activity was relatively more
sensitive to UN than mitochondrial oxidative phosphorylation.
However, striking inhibition of ADP-stimulated Q02 was evi-
dent after five minutes, indicating that significant mitochondrial
injury occurs with more prolonged exposure. Indeed, this series
of experiments does not exclude the possibility that mitochon-
drial dysfunction and inhibition of Na ,K-ATPase activity
may occur at lower doses of UN with prolonged exposure.
Studies using isolated renal mitochondria, and mitochondria
prepared from UN-treated animals demonstrated a similar
pattern of cumulative dose-dependent injury. Carafoli and
coworkers [27] noted that low doses of UN (0.1 to 1 mM) caused
relatively little inhibition of ADP-stimulated Q02 in mitochon-
dna isolated from rat kidneys. At higher concentrations of UN
(5 mM) ADP-stimulated Q02 was relatively preserved after one
to two minutes, but almost completely inhibited after seven
minutes. Furthermore, renal mitochondria isolated from rats
three hours after UN injection also had a diminished rate of
ADP-stimulated respiration and a diminished ability to trans-
port and regulate Ca2 [27]. These data suggested that, in vivo,
proximal tubule cells can accumulate enough UN to cause
mitochondrial injury.
In the present investigation, pretreatment of c,i tical tubule
suspensions with either dithiothreitol or reduced glutathione did
not prevent or attenuate any of the effects of UN on respiration
or K transport. These results suggest that proximal tubule
injury did not result from the interaction of UN with tubule
sulihydryl groups. This finding distinguishes UN from other
nephrotoxic heavy metals such as AgNO3 and HgCl2, whose
cytotoxic effects are blocked by these agents [18, 26]. Previous
studies have shown that the interaction of UN with suifflydryl
groups is pH dependent. At physiological pH, UN (U02(N03)2)
exists predominantly as a hexavalent species U6, which reacts
avidly with carboxyl, amino and phosphate groups on proteins,
but displays little sulthydryl reactivity [26, 28]. At pH 6 or less
most uranyl ions exist in the tetravalent form UO(2)2, and
react avidly with sulffiydryl moieties [26, 28]. Schwartz and
Flamenbaum studied the effects of 1 mst UN on turtle bladder
SCC at pH 5.5, a condition in which UN would have existed
predominantly in the tetravalent form [11]. At this pH, millimo-
lar concentrations of UN inhibited the SCC after 30 minutes
when applied to the mucosal, but not serosal surface and this
inhibition was almost completely reversible by DTT. Zeiske
reported stimulation of SCC in frog skin epithelium exposed to
millimolar concentrations of UN at pH 5.0 [12]. Although the
role of sulfhydryl groups was not addressed directly in that
study, SCC stimulation was attenuated but not prevented as pH
was increased from 5 to 7.4 again emphasizing the importance
of pH as a determinant of the uranyl species present. It should
be noted, however, that Kleinman and coworkers were able to
attenuate but not prevent UN nephrotoxicity in the rat in vivo
by pretreating animals with DTT [29]. That study, however, did
not define whether the action of Dli' was direct or indirect and,
based on our results, it would appear that the protective effect
of DTT in vivo was an indirect action. Alternatively, sulthydryl
group interactions may be important in UN cytotoxicity in vivo
at time points subsequent to those studied in the present
investigation, or in distal nephron segments which are exposed
to urine at lower pH.
In summary, our data indicated that UN inhibits both Na
transport-dependent and -independent ATP utilization, and
mitochondrial oxidative phosphorylation in the renal proximal
tubule. Ouabain-insensitive ATPase activity exhibited the
greatest sensitivity to UN and was significantly inhibited at
34 Brady et a!: Uranyl nitrate and proximal tubule function
submillimolar concentrations. In contrast, millimolar concen-
trations were required for Na ,KtATPase inhibition or mito-
chondrial injury. These latter effects were associated with net
K efflux and a fall in cell K content. Clearly, one must be
cautious when extrapolating in vitro data to the in vivo situa-
tion. However, it is noteworthy that previous in vivo studies
indicated that 25% of an injected dose of UN is deposited in the
kidneys in the hexavalent form in the area of the pars recta [281.
This selective and massive accumulation of UN would appear
to explain the enhanced sensitivity of the proximal tubule to
UN toxicity. If one considers that the dose of UN used to
induce renal failure varies between 10 and 25 mg/kg [1—8], one
can estimate that UN concentrations will exceed 1 mri in the
proximal tubule. Consequently, the effects of UN observed in
the present investigation are likely to occur in vivo. However,
the relative significance of these effects in mediating sublethal
or lethal injury in vivo remains unknown and will require
further investigation.
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